Background/Aims: Accurate diagnosis of sporadic early-onset Alzheimer's disease (EOAD) can be challenging, and cerebrospinal fluid (CSF) biomarkers may assist in this process. We compared CSF indices between three EOAD subtypes: amnestic, logopenic progressive aphasia (LPA), and posterior cortical atrophy (PCA). Methods: We identified 21 amnestic EOAD, 20 LPA, and 12 PCA patients with CSF data, which included amyloid β 1-42 (Aβ42), total tau (t-tau), phospho-tau 181 (p-tau), and Aβ42/t-tau index (ATI) levels. Results: Aβ42 and ATI levels were similar across groups, but t-tau and p-tau levels were significantly lower in PCA patients. Conclusions: The Aβ42 and ATI data confirm the commonality of the Aβ pathology in EOAD. The lower tau indices in PCA patients may reflect differences in the distribution of neurofibrillary tangles or rates of neurodegeneration.
Introduction
Sporadic early-onset Alzheimer's disease (EOAD; age ≤ 65) is more heterogeneous than late-onset Alzheimer's disease (LOAD; age >65). EOAD is comprised of a number of nonamnestic variants whose most prominent presenting symptoms are disturbances in language, visuospatial skills, praxis, or executive functions [1] . The proportion of EOAD that presents with nonamnestic symptoms ranges from 22 to 64%, and the most common clinical subtypes are logopenic progressive aphasia (LPA) and posterior cortical atrophy (PCA) [2] . These subtypes of EOAD differ from typical amnestic LOAD not only in clinical presentation [3] [4] [5] [6] , but also in a more aggressive course [7] , the absence of an association with the presence of an apolipoprotein E ε4 allele [6, 8] , and distinct patterns of early neuropathological changes [9] .
Nonamnestic presentations of Alzheimer's disease (AD) have been included in the current diagnostic criteria for AD [10] , and specific diagnostic criteria have been developed for both LPA [11] and PCA [12, 13] . However, accurate diagnosis of patients with nonamnestic EOAD variants remains difficult. This is particularly unfortunate, because while AD devastates at any age, the prompt diagnosis and mobilization of resources is absolutely vital when it affects those in their most productive years who have continuing financial and familial obligations [14] .
Given the challenges of diagnosing AD based solely on clinical features, recent diagnostic criteria have incorporated the use of biomarker data [10] , including cerebrospinal fluid (CSF) measurements of amyloid β (Aβ42), total tau (t-tau), and phosphorylated tau (p-tau). Several prior studies have compared CSF biomarkers between amnestic EOAD and PCA, and most have reported similar results between these subgroups [15] [16] [17] [18] [19] . However, one study found that p-tau levels and t-tau/Aβ42 and p-tau/Aβ42 ratios were significantly lower in PCA than amnestic EOAD [20] . A number of smaller studies have compared CSF biomarkers in LPA to diagnostic thresholds established for LOAD and indicated that the majority of LPA patients have CSF biomarkers levels in the LOAD range [21] [22] [23] [24] . However, it remains unclear whether CSF biomarker levels differ between EOAD and LOAD [25] [26] [27] , and the aforementioned studies did not directly compare CSF biomarkers between patients with amnestic EOAD and LPA. The current study aims to clarify the value of CSF biomarkers for distinguishing clinical variants of EOAD by analyzing CSF Aβ42, t-tau, and p-tau levels across EOAD patients with amnestic, LPA, and PCA presentations.
Methods

Participants
We performed a retrospective chart review of patients who presented to the Neurobehavior Clinic at the David Geffen School of Medicine, University of California, Los Angeles (UCLA), Calif., USA, for evaluation between 2002 and 2013. We identified 53 patients with an initial onset of cognitive symptoms before the age of 65 years who lacked a family history of early-onset dementia among first-degree relatives, fulfilled diagnostic criteria for probable amnestic AD (n = 21) [28] , LPA (n = 20) [11] , or PCA (n = 12) [12] , and had CSF biomarker data documented in their medical records. There were fewer patients in the PCA group than in the other EOAD groups because CSF analyses for PCA patients were only prioritized during the latter portion of the interval selected for chart review. Therefore, we also compared the clinical features of the PCA patients with CSF data to a separate cohort of 27 PCA patients without CSF data that were seen in the same clinic and were described in a prior report [29] . These analyses were performed to determine whether the smaller subset of PCA patients with CSF data were representative of the larger population of PCA patients seen in our clinic. This retrospective review of patient records was approved by the UCLA Institutional Review Board.
Clinical Evaluation
All patients underwent a clinical assessment that included: clinical history, Mini-Mental State Examination (MMSE) [30] , neurological examination, ophthalmological examination [near and distant (Snellen) visual acuity, basic color vision, visual field testing by confrontation, ophthalmoscopy, pursuit eye movements, and saccades to command and visual stimuli], routine laboratory tests (complete blood count, chemistries, VDRL, and thyroid function tests), and structural neuroimaging (either computed tomography or magnetic resonance imaging scans of the brain). A subset of patients also received fluorodeoxyglucose (FDG) positron emission tomography (PET) scans of the brain. FDG-PET scans were reviewed by a blinded experi-enced rater (D.L.S.) who assessed hypometabolism in the temporal, parietal, and occipital lobes using a semiquantitative scale (0: none, 1: mild, 2: moderate, and 3: severe).
CSF Collection and Analyses
CSF was collected during clinical evaluations in situations where the supervising physician (M.F.M.) believed that biomarker data would assist in diagnosis and/or management, and consent was obtained for lumbar puncture (LP). CSF was collected into polypropylene test tubes, centrifuged, and frozen within 1 h of collection. CSF samples were shipped to Athena Diagnostics (Worcester, Mass., USA) for analyses of Aβ42, t-tau, and p-tau performed using commercially available ELISA kits [INNOTEST β-amyloid (1-42), INNOTEST hTau Ag, INNOTEST p-Tau (181P); Innogenetics, Ghent, Belgium]. Clinical reports included individual CSF analyte levels and an Aβ42/t-tau index [ATI, calculated as Aβ42/(240 + 1.18 t-tau)]. Athena Diagnostics reports abnormal (i.e. AD range) values as ATI <1.0 and p-tau >61 pg/ml. Previous studies investigating CSF biomarkers in AD using the same Innogenetics ELISA kits have defined abnormal values as Aβ42 <500 and t-tau >350 pg/ml [16, 17] .
Data Analyses
Statistical analyses were performed using SPSS 16.0 for Mac (SPSS Inc., Chicago, Ill., USA). Demographic and CSF biomarker data were compared between diagnostic groups using one-way analysis of variance or unpaired t tests for continuous variables and Kruskal-Wallis or χ 2 tests for categorical variables. Post hoc analyses were Bonferroni corrected for multiple comparisons where appropriate.
Results
Demographics of the amnestic EOAD, LPA, and PCA patients with CSF biomarker data are shown in table 1 . The three subgroups were similar in gender distribution, disease duration at the time of LP, and MMSE scores at the time of LP. Age at symptom onset was significantly different across groups (p = 0.037). Bonferroni-corrected post hoc analyses indicated that the age at initial symptom onset in the PCA group was significantly later than that reported for the amnestic EOAD group (p = 0.041), but was not different from the LPA group (p = 0.103). There was also a trend towards a group difference in age at the time of LP (p = 0.059), but individual comparisons did not survive Bonferroni correction (p values >0.05).
CSF biomarker indices for the three EOAD subgroups are also shown in table 1 . Aβ42 levels and ATIs were similar across all groups (p values >0.10). However, significant differ- ences between groups were seen in both t-tau (p = 0.007) and p-tau (p = 0.003) levels. Bonferroni-corrected post hoc analyses indicated that the PCA subgroup had significantly lower t-tau (p = 0.010 vs. amnestic; p = 0.017 vs. LPA) and p-tau (p = 0.007 vs. amnestic; p = 0.005 vs. LPA) levels than the other two subgroups. There were no differences in t-tau/p-tau ratios between groups (p = 0.15). The percentages of EOAD patients who either met Athena Diagnostics (p-tau, ATI) or published (Aβ42, t-tau [16, 17] ) CSF biomarker criteria for AD are shown in table 2 . There were significant differences between groups in the percentages of patients with t-tau and p-tau levels in the AD range (both p values <0.001). Bonferroni-corrected post hoc MannWhitney U analyses indicated that the PCA subgroup was significantly less likely than the other two EOAD subgroups to have t-tau [Z (33) All CSF samples analyzed in this study were collected from LPs performed during the course of routine clinical care, and only a subset of the EOAD patients evaluated at the UCLA Neurobehavior Clinic have CSF biomarker data. CSF analyses have been consistently priori- tized for amnestic and LPA patients, but this clinical approach was only more recently adopted for PCA patients. Therefore, we sought to determine whether the PCA patients included in the current study were representative of the larger cohort of PCA patients evaluated in our clinic over the same time period. Clinical features of PCA patients with and without CSF biomarker data are shown in table 3 . PCA patients with CSF data were significantly younger at the time of symptom onset (p = 0.048), and were marginally younger at the time of initial clinic visit (p = 0.071), but both PCA cohorts had similar MMSE scores at their initial visit (p = 0.61). Those with CSF data were more likely to exhibit ideomotor apraxia (p = 0.029) or prosopagnosia (p = 0.032) and more likely to have evolved into another diagnosis [corticobasal syndrome (n = 1), dementia with Lewy bodies (DLB; n = 2), EOAD not otherwise specified (n = 1)] by the last documented follow-up visit (p = 0.002). Nevertheless, the small subsets of patients with and without a diagnosis of PCA at their final documented clinic visit had similar CSF biomarker levels (online suppl. 
Discussion
Our comparisons of CSF biomarker data between clinical subtypes of EOAD indicated that patients in the amnestic, LPA, and PCA groups exhibited similarly low Aβ42 and ATI levels. However, CSF t-tau and p-tau levels were lower in the PCA group than in the amnestic and LPA groups and were less likely to be in the AD range. Taken together, these findings confirm the commonality of the Aβ neuropathology across EOAD subtypes, but also raise the possibility that the localization and/or severity of tau neuropathology may differ across these subtypes, resulting in differential expression of tau species in the CSF.
The finding of lower CSF t-tau and p-tau levels in PCA relative to the other EOAD subtypes adds to a somewhat discordant existing literature. Although de Souza et al. [20] reported lower CSF p-tau levels in PCA relative to amnestic EOAD, most other investigators have found similar CSF tau indices in their comparisons of these subgroups [15] [16] [17] [18] [19] . The matter is further complicated by work from another group demonstrating that their nonamnestic EOAD cohort (which included a significant proportion of PCA patients) had significantly higher t-tau and p-tau levels than their amnestic EOAD cohort [31] . The underlying explanation for these discrepant findings remains uncertain, but there are a number of potential possibilities.
CSF tau indices may be driven not only by the type of underlying neuropathology (i.e. AD), but also by the location of neurofibrillary tangle (NFT) deposits in the brain. Prior work in patients with pathologically confirmed LOAD suggests that CSF t-tau levels correlate with NFT density in the temporal cortex, but not in other regions [32] . Although CSF p-tau levels do not appear to correlate with regional NFT density [33] , they are highly correlated with CSF t-tau levels [34] . Neuropathological studies indicate that medial temporal NFT density is significantly lower in PCA relative to amnestic EOAD [13] , which may explain why CSF t-tau levels were lower in our PCA patients than in our amnestic EOAD patients. In contrast, neuropathological comparisons of LPA and amnestic AD have demonstrated similar NFT densities in the entorhinal cortex [35] , which is consistent with our finding of similar CSF t-tau levels in our LPA and amnestic EOAD patients.
On the contrary, differences in CSF t-tau and p-tau levels between EOAD subgroups could reflect different underlying rates of neurodegeneration, as CSF t-tau and p-tau levels may be markers of underlying neuronal cell loss [36] . By this line of reasoning, the lower CSF tau indices in the PCA cohort may be indicative of a slower neurodegenerative process, particu-larly since the PCA patients were somewhat older than the patients in the other groups. However, clinical comparisons of MMSE scores or disease duration across EOAD subtypes did not show any differences in these measures. Likewise, although t-tau/p-tau ratios may be more indicative of underlying neuronal loss than individual tau indices considered in isolation [37] , similar t-tau/p-tau ratios were seen across EOAD subgroups.
de Souza et al. [20] proposed that the lower CSF p-tau levels seen in their PCA cohort could be related to a greater degree of underlying neuropathological heterogeneity in PCA relative to amnestic EOAD, and around 25% of PCA patients that undergo postmortem examinations have non-AD neuropathological diagnoses [13, 38] . If the underlying neuropathology in our PCA patients were more heterogeneous than in our other EOAD patients, we might have expected greater variability in CSF biomarker values in this cohort. However, the converse was true, as the standard deviations for each of the CSF indices were much lower in the PCA group than in the amnestic EOAD and LPA groups ( table 2 ). While some of our PCA patients with CSF biomarker data subsequently developed symptoms suggestive of other neurodegenerative diseases, such as corticobasal syndrome or DLB, CSF biomarker profiles for the small subsets of patients with and without a diagnosis of PCA at their last clinic visit were similar (online suppl. table 1), raising the possibility that clinical findings that emerge later in the disease course may be less indicative of an underlying pathological etiology.
Overall, our data suggest that t-tau and p-tau levels may be less consistently abnormal in EOAD than Aβ42 levels or Aβ42/t-tau ratios, and support the use of the latter set of CSF biomarkers for the differential diagnosis of early-onset dementias. Previous work in LOAD suggests that CSF Aβ42 and Aβ42/t-tau ratios have the greatest utility for identifying subjects with underlying AD pathology [39] , and our results are consistent with prior reports indicating that most (although not all) patients with a clinical diagnosis of LPA or PCA have a neuropathological diagnosis of AD [13, 35, 38] . Furthermore, the similar CSF Aβ42 and ATI levels seen across subgroups in the current study and in prior studies of CSF biomarkers in amnestic EOAD and PCA [15] [16] [17] [18] [19] or in LPA [21] [22] [23] [24] are consistent with the similar patterns of cortical amyloid deposition seen in these EOAD subtypes using Pittsburgh compound B-PET imaging [40] . However, Aβ42 levels in isolation may have poorer discriminatory power for differentiating EOAD from DLB, since lower Aβ42 levels can also be seen in DLB without concomitant increases in tau indices [41] . This is of some concern given that a proportion of clinically diagnosed PCA patients have underlying DLB pathology [13, 38] .
There are a number of factors that may limit the interpretation of our results. Data were retrospectively gathered via chart review, and involved relatively small sample sizes. CSF was obtained when clinically indicated, and from only a subset of EOAD patients seen in the UCLA Neurobehavior Clinic. Therefore, there may have been a systematic bias in patients selected for CSF sampling (i.e. those who represented greater diagnostic challenges). Indeed, further chart review indicated that the PCA patients with CSF biomarker data were slightly younger, more likely to exhibit ideomotor apraxia or prosopagnosia, and more likely to receive a non-PCA diagnosis at a subsequent visit. However, the PCA patients with and without CSF biomarker data were similar on the other clinical features that were analyzed, suggesting that those with CSF biomarker data were largely representative of the larger population of PCA patients seen in our clinic. All patients were seen at a single clinic and diagnosed by the same expert clinician (M.F.M.). As such, the composition of the study cohort may have been affected by institutional referral biases and/or individual diagnostic biases.
Our findings of similar Aβ42 and ATI levels, but different t-tau and p-tau levels in CSF from different clinical subtypes of EOAD highlight the potential heterogeneity of CSF biomarkers across different manifestations of AD and support the use of Aβ42 and ATI levels for the identification of EOAD. They further raise the possibility that CSF t-tau and p-tau levels may be affected by the regional expression or severity of the underlying NFT pathology. These
